Advanced high alumina refractory castables of ultra-low and to cement types, are well-known because of their ability on developing similar and/or superior thermal and mechanical properties. Following the recent trend of including nanoparticles in refractory castables, in this work, it is presented a novel way to obtain the benefit effects on the thermal and mechanical properties, promoted by the development in situ, of alumina's nanoparticles in the matrix of castable (85 wt% Al 2 O 3 ). The alumina nanoparticles were originated in situ after firing, due to the pyrolysis and oxidation of an aqueous resin, produced by the Pechini process. The resin played a double role, one as mixing liquid vehicle and the other as the aluminum oxide nanoparticles precursor. The results indicate a strong increase in flexural strength and elastic modulus as well as leading to a higher residual strength after thermal shock.
dratable Alumina (HA). These new binders, together with the inclusion of sub micrometric mineral admixtures, lead to particle packing optimization promoting collateral reactivity through the formation of other cementitious compounds and/or acting as sintering mineralizers. In addition, better rheological control of the mixes was accomplished by the inclusion of packages of special additives such, deflocullants, accelerators and retarders [1] [3] .
It is a well-known fact that the macro and micro properties of all refractories, monolithics or not, are depended basically on the right combination of refractory phases and the resultant microstructure. In this sense, once the raw materials selection based on sinergistic preconditions is pacified with respect to the target application, the resultant monolithic matrix turns out to be one key microstructural element to determine the material's final performance. Conversely to what has been reported in the literature [4] [5], a new methodology was used in this work, that is; instead of adding a colloidal suspension or a previously made nano alumina powder, the development of the alumina nanoparticles was done in situ, using as their precursor, an aqueous polymeric resin, produced by the Pechini method [6] [7] . In this specific resin, Al 3+ cations were part of the polymeric chain. In doing so, the resin fulfilled a dual function of mixing water carrier as well as the precursor vehicle of nanoparticles of aluminum oxide, generated upon pyrolysis and oxidation of the aluminum cation of the resin back bone [2] .
The rationale behind this procedure resides in the expected non-agglomerated more homogeneous distribution of the nanoparticles around the aggregates. Secondly, the nascent character of the in situ formed alumina nano particles, would provide a greater reactive potential with the other aggregates in the castable matrix, strengthening it [2] [3] . This was confirmed comparatively to the same castables base compositions using only water as the liquid vehicle, instead of the polymeric resin.
Materials and Methods

Ultralow and No Cement Refractory Specimens
Four sets of samples using the compositions shown in Table 1 were produced.
The first set of the ultralow cement type used water as the mixing liquid and was named ULCC water . The second set of the ultra-low cement type used the Al polymeric resin as mixing liquid and was named 2 3 Al O
ULCC
. The first set of the no cement type used water as the mixing liquid and was named NCC water . The second set of no cement type used the Al polymeric resin as the mixing liquid and was named 2 3 Al O NCC . The compositions were devised to approximate an Andreasen's particle size packing with a distribution modulus q = 0.26, aiming an almost self flowing rheological condition.
Synthesis of the Polymeric Resin by the Pechini Method
The basics of the Pechini's methodology [6] to produce the polymeric resin, consists in the dissolution in deionized water at 70˚C, of a salt of the cation of interest, in this case, Al(NO 3 ) 3 . In the sequence, citric acid is added forming the metallic citrate. In order to promote the esterification reaction, ethylene glycol is added and the temperature is raised to 90˚C, keeping the system for two hours under this condition. The resin viscosity can be controlled by evaporating the residual water simply expositing it at 110˚C for specific time periods. In this study, a resin viscosity of 8cps was used in the molding of the castables containing it.
Specimens Preparation
The specimens used in the testing were molded under light vibration in the form of rectangular bars with dimensions of 25 × 25 × 150 mm.
After demolding, they were dried at 110˚C for 24 hours. After drying, specimens to be used in physical and mechanical testing were sintered at 1450˚C, us-Journal of Materials Science and Chemical Engineering ing the firing program of Table 2 , with a dwell time of 2 hours at the final temperature. On the other hand, specimens intended for dynamic elastic modulus and thermal expansion tests were only dried.
Physical and Mechanical Properties
1) The evaluated physical properties after firing at 1450˚C/2h of specimens were:
• Apparent Porosity 
Results and Discussion
Characteristics of the Generated Alumina Nano Powder
In Table 3 , the characteristic properties of the nano Alumina powder after pyrolisis and burning of the resin at 1000˚C/1h, are presented.
X-ray diffraction is a convenient method for determining the mean size of nanocrystallites in nanocrystalline bulk materials. The first scientist, Paul Scherrer, published his results in a paper that included what became known as the Scherrer equation in 1981 [1] . This can be attributed to the fact that "crystallite size" is not synonymous with "particle size", while X-Ray diffraction is sensitive to the crystallite size inside the particles. From the well-known Scherrer formula the average crystallite size, L, is:
cos
where λ is the X-ray wavelength in nanometer (nm), β is the peak width of the diffraction peak profile at half maximum height resulting from small crystallite size in radians and K is a constant related to crystallite shape, normally taken as 0.9 [8] .
The results confirm the nano size of the alumina powder that was generated after pyrolysis and burning of the carbon content of the liquid resin.
In Figure 1 it can be seen that the resin indeed renders pure Al 2 O 3 product after pyrolysis and oxidation starting at 900˚C.
In Figure 2 and Figure 3 the pore size distribution and the respective cumulative porosity of the investigated castables are presented.
It can be noticed that the On the other hand, the ULCC Water castable molded with water presented a bigger pore size distribution range from 0.5 to 3.0 µm.
For the NCC castables, the one molded with water presented population of the pore of smaller sizes from 0.08 µm to 2.0 µm, while the 2 3 Al O NC molded with the Al 2 O 3 resin presented pore population sizes in the range from 0.1 µm to
Considering the observed range of dimensions, in all the cases, the pore sizes presented by the investigated castables, indicate a high concentration of virtually non-permeable pores to liquid metals or slag (<5 µm).
Physical Properties Results
In Table 4 the results of Apparent Density and Apparent Porosity, after drying at 110˚C/24h and after firing at 1450˚C/2h, are were presented.
It can be noticed that the Apparent Densities after drying and firing are substantially bigger for the specimens containing the resin. As a consequence, the Apparent Porosity was smaller for the specimens molded with it. This fact was unexpected, considering that the samples produced using the resin as the liquid mixing vehicle, used a larger amount of molding liquid (8 wt% against 5.8 wt% Journal of Materials Science and Chemical Engineering of water used in the the ULCC water and NCC water ). In addition, after firing, there was an additional mass loss because of the volatiles coming from the pyrolisis and burning of the carbon of the resin plus the eventual water excess. The results indicated a better sintered microstructure upon addition of the Al 2 O 3 resin. 
Results of Thermal Expansion Measurements
Results of Flexural Strength
In Table 5 and Figure 6 , the results of flexural strength in three-point bend, of the castables are presented. It is clear that after firing at 1450˚C/2h, the castables molded with the liquid resin presented a substantially bigger average flexural strengths than the castables molded with water. This fact indicates clearly that the nano alumina particles generated by the liquid resin were able to contribute to a much stronger castables matrices, under a microstructure condition of pores of comparable sizes and volume fraction.
Behavior of the Dynamic Elastic Modulus as a Function of the Temperature
The elastic modulus of ceramics upon heating to high temperatures for certain Journal of Materials Science and Chemical Engineering For both castables, the ups and downs in the plots at temperatures close to 1400˚C can be a credit to increasingly damping effects, caused by pyroplastic deformation originated from liquid phase development.
An examination of the cooling down plots in Figure 7 and Figure 8 , also indicates a slight increase of elastic modulus for both types of castables, from 1450˚C down to approximately 700˚C. We may credit this behavior to sintering, microstructure healing caused by the contraction of the specimens bulk phase and also to a decrease in the pyroplastic character with the hardening of the eventual liquid phase developed within the matrices of the investigated castables.
Finally, from 600˚C and down, the elastic modulus of both types of castables experiences a decrease (which is much bigger for the water-molded samples). This fact may indicate a possible opening of microstructure defects, caused by contraction cracking and hardening below the glass transition temperature of the Journal of Materials Science and Chemical Engineering vitreous phase.
By comparing the behavior of both castables from Figure 7 and Figure 8 , it may then be concluded that after a firing cycle, the castables molded with the liquid resin are stronger and reached a more stable final microstructure than the castables molded with water. This is indicative of the strong sintering effect that just 1 wt% of alumina nanoparticles had in the castables matrices.
Elastic Modulus Behavior and Flexural Strength after Thermal Shock
Specimens of both castables (ULCC and NCC), with and without Al 2 O 3 resin, previously fired at 1450˚C/2h, were submitted to thermal shock by a single quenching in running tap water at 24˚C, under the sudden gradients of 300˚C, 600˚C and 1000˚C.
In order to evaluate the thermal shock damage, the residual elastic modulus of the shocked specimens was continuously measured from room temperature to 1450˚C. In addition, the residual flexural strength after thermal shock were also determined [12] [13] . The resulting elastic modulus and residual strength versus temperature behavior after thermal shock, are shown in Figures 9-13 .
It is evident that the first thermal shock at 300˚C causes the most significant Al O ULCC , ULCC water , 2 3 Al O NCC and NCC water , of prefired (1450˚C/2h) specimens after being submitted to a single cycle of thermal shock in running tap water at 24˚C, under the temperature gradients of ΔT = 300˚C, 600˚C and 1000˚C.
Comparative Test between Nano Particles Formed in Situ versus Nano Particles Added as a Previously Made Powder
In order to check the effectiveness of alumina nanoparticles formed in situ 
NCC
, was almost the same as that of the NCC water composition (without resin), showing no properties improvement at all. This fact leads to the conclusion that the development in situ of the alumina nanoparticles, is indeed a powerful novel route, much more effective on improving castables thermal and mechanical properties, than adding the same quantity of nanoparticles in powder form.
Conclusions
The results enable us to conclude that the use of a liquid aluminum carrying resin, for the development in situ of only 1 wt% of nano-sized alumina particles in the castables matrices, inaugurates a new very effective route in providing final microstructures much stronger and more stable, than those displayed by the castables molded with water or with the addition of an equivalent amount of nanoalumina powder. At the same time, a decrease in the thermal expansion coefficient was obtained, providing a fairly good thermal shock damage resistance.
